Alfalfa and bromegrass, each harvested at five different stages of maturity, were separated into water-insoluble and -soluble fractions. The NDF concentrations ranged from 19 to 43% for alfalfa and from 42 to 58% for brome. The rates of digestion, by mixed ruminal microflora, of the unfractionated forage and of the water-insoluble and -soluble fractions were measured in vitro using pressure sensors to monitor gas production. Both forages showed the expected decline in fiber digestibility with increasing maturity. A dual-pool logistic model gave pool sizes, specific rates, and a single lag time for both the faster-and slower-digesting fractions. The main difference between alfalfa and brome was in the soluble pool. This pool produced approximately 40% of the total gas in alfalfa, 25% in brome. The specific digestion rates of the brome soluble pool were approximately 50% higher than those for alfalfa. Net VFA production showed a somewhat higher acetate: propionate ratio for brome (3.2) compared with alfalfa (2.2), but there was little change with increasing maturity within a given forage. Gas production curves for the unfractionated forage showed a 0 to 10% positive deviation from curves created by adding data from separate digestion of the insoluble and soluble forage fractions. Gas measurements offer a promising approach to the study of the water-soluble extracts of forages and the interaction of the soluble-and insoluble-fractions during fermentation.
Introduction
Forages contain varying amounts of material extractable by water or buffer solutions (Smith, 1981) . This material includes minerals, protein, organic acids, and various simple sugars and their short-chain polymers. The soluble carbohydrates are more rapidly digested by ruminal microorganisms than are the structural polysaccharides such as cellulose or the storage polymers such as starch (Chesson and Forsberg, 1988) . The "soluble" pool thus may play an important role in the early stages of forage digestion. Despite the widely recognized importance of this pool (Feng et al., 1993) , we know little of its digestion kinetics. Likewise, we know little of possible interactions between the rate and extent of digestion of the insoluble pool and the size and composition of the soluble pool. Although there has been interest in the effect of starch on fiber digestion (Mertens and Loften, 1980 ), we are not aware of studies that have investigated the impact of the soluble fraction of forages on fiber digestion, although the impact of sugars has been considered (Hiltner and Dehority, 1983; Piwonka and Firkins, 1993) .
Gas production studies offer a means to investigate the soluble pool (Pell and Schofield, 1993) , and, in recent work, a curve-subtraction technique was used to analyze the size and digestion kinetics of the neutral detergent-soluble ( NDS) material from legumes and grasses (Schofield and Pell, 1995a) .
The water-soluble fraction is not as well defined chemically as the NDS fraction because different forages release different proportions of total pectins, fructans, and starches into the aqueous phase. However, this fraction is of nutritional significance because, unlike the NDS fraction, the water-soluble fraction is directly encountered and digested by the ruminal microflora. We report here the contribution of the soluble fraction to total gas production in vitro, and the digestion kinetics of this fraction from samples of alfalfa and brome harvested at five maturities. We used both direct measurement and curve subtraction to assess the size and digestion rates of the soluble fraction. The study addresses the following questions: 1 ) How do the size and digestion kinetics of the soluble fraction vary with forage maturity? 2 ) What interactions, if any, can be detected between the soluble and water-insoluble pools? 3 ) Can the gas production curve of the unfractionated forage be recreated by adding the separately measured curves for the soluble and insoluble fractions?
Materials and Methods
Forage Preparation. For the experiments, alfalfa ( Medicago sativa, var. Eclipse) and brome ( Bromus inermis) hay harvested at different stages of growth were used. The alfalfa was harvested on May 8, 15, and 29, June 2 and 12, 1992. The harvest dates for the brome were May 1, 8, 14, 21, and 28, 1992 . The early samples of both species were in the vegetative stage of growth. When the latest brome samples were harvested, they were fully headed out; the latest alfalfa samples were in early bloom. Samples were harvested by hand at approximately 1400, and the weather was partly or completely overcast on all harvest dates. All samples were dried at 60°C and ground through a 1-mm screen in a Wiley mill (Arthur H. Thomas, Philadelphia, PA).
Initial extraction trials were performed with distilled water and McDougal's buffer (McDougal, 1949) , both containing 10% t-butanol to inhibit microbial growth. The amount of material extracted with water or buffer, and the in vitro digestion behavior of the extracted residues, were almost identical (data not shown). We chose water containing t-butanol for extraction because it simplified concentration and reuse of the extract. The soluble components were extracted from the two forages by incubating forage samples overnight at 39°C in distilled water with 10% t-butanol (100 mL total solvent per gram air dried forage). The samples then were filtered in tared Gooch crucibles (porosity 40 to 60 mm ) under light vacuum. The insoluble material ( AI and BI for alfalfa and brome insolubles, respectively) was dried at 55°C for 48 h and weighed. The soluble fractions ( AS and BS for alfalfa and brome, respectively) were recovered, freeze-dried in tared aluminum pans, and weighed. The lyophilized samples were redissolved in a known amount of distilled water. The DM content was measured by freeze-drying duplicate known volumes of these samples in tared glass bottles.
Gas Measurements. Duplicate samples of the unfractionated forages ( AU and BU for alfalfa and brome, respectively) and of the insoluble fractions were incubated in serum bottles with a nominal volume of 50 mL according to the procedure of Pell and Schofield (1993) . The bottles contained 100 mg (range 99.9 to 100.6) of air-dried forage, 1 mL of water, 7 mL of anaerobic medium (Goering and Van Soest, 1970) , and a magnetic stir bar (2.5 × .5 × .5 cm). The depth of the medium was approximately two to three times the height of the stir bar. The bottles were flushed with carbon dioxide for 3 min before they were sealed with butyl rubber stoppers. Before the incubation was started, 2 mL of ruminal fluid, filtered through four layers of cheesecloth and a 1-cm layer of glass wool, was injected into each bottle. The ruminal fluid was collected from one nonlactating mature Holstein cow fed mixed mostly grass hay of sufficient quality to meet her requirements according to NRC (1989) . The cow was housed in a tie-stall barn and was cared for following a protocol that had been approved by the Institutional Animal Care and Use Committee. The trial was conducted during the fall and early winter in Ithaca, NY. Transfer of the ruminal fluid to the incubation vessels occurred no more than 45 min after collection. Pressure readings for the unfractionated forages and the insoluble fractions were recorded hourly for 48 h using the Atlantis for Windows ® data acquisition software program (Lakeshore Technologies, Chicago, IL).
To measure the gas production from the soluble fractions, a volume of the lyophilized extract solution corresponding to 30 mg of unfractionated forage DM was used. Distilled water was added to the AS or BS to yield a final volume of 1 mL. The soluble material was added to 7 mL of the anaerobic medium in bottles with magnetic stir bars. Two milliliters of ruminal fluid was added to 8 mL of medium. For the soluble samples, incubations were in bottles with nominal volumes of 30 mL. Gas production from the soluble fractions was recorded every 0.5 h for 18 h. The apparatus permits incubation of up to 16 samples simultaneously, and samples were grouped in batches according to species (alfalfa or brome), and maturity ( 1 to 5). Different treatments (unfractionated forage, insoluble fraction, and soluble fraction) were analyzed in different boxes. A single box run would thus contain one forage type (alfalfa or brome), and duplicate samples of each of five maturities. Each box run was replicated twice. Two blanks and one alfalfa standard sample were used for each batch. An alfalfa standard was used to control for abnormal ruminal fluid inocula.
The end points for the fermentations (18 h for the soluble fraction and 48 h for the insoluble fraction and the unfractionated forage) were chosen based on previous data (Schofield and Pell, 1995a ). When gas is being measured, it is advisable to avoid prolonged fermentations after substrate depletion, because microbial lysis makes the data difficult to interpret.
Curve Fitting. Gas curves were fitted to a multi-pool logistic equation derived on the assumption that the rate of gas production is proportional to both the accumulated microbial mass and to the amount of digestible substrate remaining (Schofield et al., 1994) . This equation is
where V is the gas volume at time t, V F is the maximum volume at t = ∞, S is a rate constant called the specific rate ( S = maximum rate/maximum volume), l is an integration constant equivalent to a lag term, and n is the number of distinct pools. Chemical Analysis. The unfractionated feeds (AU and BU) and the insoluble residues (AI and BI) were analyzed for DM, total N (AOAC, 1990), and sequential NDF and ADF content according to the methods of Van Soest et al. (1991) , with a modification for use with small samples (Pell and Schofield, 1993) . The AS and BS were analyzed for total sugars using the anthrone method (Bailey, 1958) . Knowing the amount of soluble material in the unfractionated forage and the CP contents of both the unfractionated forage and the insoluble fraction, it was possible to calculate the CP content of the soluble fraction.
At the end of all fermentations, the pH was measured, and a 1-mL aliquot of liquid was collected and centrifuged for 10 min at 3,000 × g. The supernatant was transferred to 1.5-mL vials and stored at −20°C prior to VFA analysis. In the cases of the unfractionated and insoluble residues, the pellet remaining after centrifugation was returned to the appropriate incubation vessel, 20 mL of neutral detergent solution was added, and the bottles were resealed and autoclaved at 105°C for 60 min. The fiber was collected on tared glass fiber filters (type A/E, 47 mm, Gelman Sciences, Ann Arbor, MI), dried overnight at 100°C, and weighed (Pell and Schofield, 1993) . This information and the initial NDF content were used to determine the amount of NDF digested (Pell and Schofield, 1993) .
Volatile Fatty Acid Analysis. After the frozen samples for VFA analysis were thawed, a 1-mL aliquot of the medium was centrifuged at approximately 2,000 × g for 5 min, and 360 mL of the supernatant was transferred to a microcentrifuge tube containing 40 mL of 50 mM H 2 SO 4 . After mixing and standing at room temperature for 10 min, the centrifugation was repeated and the supernatant was analyzed for VFA by the HPLC method of Ehrlich et al. (1981) using an HPX-87H column (7.8 × 300 mm) at 30°C, isocratic elution with 5 mM H 2 SO 4 , and UV detection at 210 nm. A mixture of acetic, propionic, isobutyric, and butyric acids was included as a calibration standard in all analyses.
Data Analysis. All gas data were recorded with the Atlantis for Windows data acquisition package as a text file. This file was imported into Excel 4 ® (Microsoft), and the recorded voltages were converted to gas volumes using independently determined calibration values as described previously (Pell and Schofield, 1993; Schofield and Pell, 1995b) . Volumes were corrected to 760 mm Hg pressure and were calculated to represent an equivalent input of 100 mg DM of unfractionated forage. Gas production data were fitted using the TableCurve ® program and the single-lag, dual-pool logistic equation of Schofield et al. (1994) .
Comparisons of means of chemical composition, curve kinetic parameters, total gas yield, and pH were performed using the GLM procedure of SAS (1985) . We used the following model for each forage and treatment: y ij = m + a i + e ij , where y = individual observation, m = general mean, a = maturity effect ( i = 1..5), and e = random error (0, s 2 ) . The comparison of means was done using the Ryan-Einot-Gabriel-Welsch multiple F-test (SAS, 1985) . Because the maturities and the harvest dates of the alfalfa and brome were not similar, a model that included forage as a variable was not appropriate. Table 1 show that, although total OM remained almost constant, CP and percentage solubles decreased and NDF and ADF increased with increasing forage maturity for both alfalfa and brome. The brome stage 2 sample was anomalous in this and several other respects.
Results

Chemical Composition: Unfractionated Forages. The results in
Chemical Composition: Water-Insoluble and -Soluble
Extracts. Changes in CP, NDF and ADF concentrations of the water-insoluble fractions from both alfalfa and brome generally reflected those for the unfractionated forages (Table 2 ). Sugar content of the soluble fraction was more variable among forages. This value remained relatively constant in alfalfa but, except for the brome 2 sample, declined with increasing maturity in brome. The concentration of sugars was much higher in brome than in alfalfa, although the total OM content of the grass and legume soluble fractions was similar. The estimated higher CP content of the soluble fraction in alfalfa explains part of this difference.
Gas Production. Figure 1 shows an example of the gas production curves for stage 5 of alfalfa and brome. The soluble fraction curves in this figure were determined by subtracting the gas from the insoluble fraction from the gas from the unfractionated forage at each time point (Schofield and Pell, 1995a) . The overall curve shapes for alfalfa and brome are similar except that the soluble fraction is more prominent in alfalfa and seems to contain a relatively slowerdigesting component. Tables 3   and 4 . The final pH after 18 h for the soluble fraction or 48 h for the unfractionated forage and the insoluble fraction is shown to verify that the buffering capacity of the medium was sufficient to maintain the pH within the 6.2 to 6.8 range necessary to ensure a linear relationship between VFA and gas production (Beuvink and Spoelstra, 1992) . The NDF digestibility of the unfractionated forage and the insoluble fraction declined with increasing maturity, whereas the soluble fraction was almost completely digestible for all stages. For brome, NDF digestibility of the unfractionated forage decreased from 77% to 72% across the range of maturity. A more pronounced decline was seen for alfalfa (73% to 50%).
Digestion Data. Digestion data appear in
Kinetic Data. Data on rates of gas production from fermentation of alfalfa and brome are presented in Tables 5 and 6 . The most interesting changes with increasing maturity were as follows: 1 ) a decrease in lag time (parameter c ) for AU compared with an increase for BU, and 2 ) an increase in specific rates of both faster and slower fractions (b, e ) of AI compared with AU. This increase was not seen for BI. For the AS pool, an apparent increase in specific rate for the slower fraction ( e ) is evident. With the exception of the stage 5 brome, the rates of gas production for the slower fraction ( e ) also increase. Other notable features include the different kinetic behavior of the AS and BS fractions. For brome, the specific rates of gas production of both soluble pools (faster, b, and slower, e ) are 150 to 300% higher than the corresponding unfractionated forage rates. For In each case, gas volumes were normalized to an equivalent input mass of 100 mg dry unfractionated forage (see text for details). Error bars represent the variation between duplicate runs. The error bars for the insoluble residues are smaller than the symbols. alfalfa, the rates were 3 to 60% higher.
Volatile Fatty Acids Profiles. The VFA data for alfalfa and brome appear in Tables 7 and 8 . These data are end point analyses and show the measured VFA concentration (after subtracting blank values) at 48 h for the unfractionated forage and the insoluble fraction and at 18 h for the soluble material. Changes in acetate, propionate, and butyrate were measured. Butyrate changes were small, and we have concentrated on the ratio of acetate to propionate ( A:P) as an indicator of the metabolic pathways used by ruminal bacteria in converting monosaccharides to VFA. The A:P for all brome fractions were numerically higher than the corresponding values for alfalfa.
Pool Interactions by Curve Reconstruction. The gas production curve for the S fraction can be measured in two different ways, either by direct fermentation or by curve subtraction of the independently determined gas production patterns for the unfractionated forage and the insoluble fraction. Figure 2 shows an example of this comparison for alfalfa stage 5 that is typical of all other stages. The curves are similar for the first 6 h but then begin to diverge, with the values from curve subtraction being somewhat lower.
In Figure 3 , we express this comparison of the direct measurement and curve subtraction approaches quantitatively. If we compare the unfractionated forage digestion curve with that obtained by adding the individual contributions from the soluble and insoluble fractions, we obtain a set of curves similar to that in Figure 2 . The discrepancy ( D ) between the unfractionated curve and the sum of the soluble and insoluble curves can be expressed as a percentage using the formula D = 100 × ( 1 − (Unfract g /(Sol + Insol) g ) , where (Sol + Insol) g is the total gas contribution from the soluble-and insoluble fractions and Unfract g is that from the unfractionated forage. If Unfract g is less than (Sol + Insol) g , then D is positive, and vice versa. The results in Figure 3 show that, for most growth stages of both alfalfa and brome, the deviation is less than ±10% and that deviations from a purely additive behavior of the soluble and insoluble fractions are not strongly related to maturity. The deviation is more often positive in the later stages of the fermentation.
Discussion
Chemical fractionation of forage carbohydrates has, to date, been based primarily on the detergent system of Van Soest et al. (1991) . This system was designed to measure forage fractions that have a defined chemical composition and has yielded much valuable information on forage structure. To the nutritionist, however, forage digestibility is at least as important as forage composition. Although the digestibility and digestion kinetics of the NDF fraction of a given forage are of interest to both animal scientists and agronomists, the animal does not feed on NDF. Rather, animals eat unfractionated forage, which is separated, in the rumen, into water-soluble and waterinsoluble fractions. These fractions are subsequently digested by bacterial populations that may differ in composition, pool size, and identity. We have therefore chosen to study the behavior of these water-soluble and -insoluble fractions using a gas measurement technique that gives comparable data for both fractions (Pell and Schofield, 1993) . Tables   1 and 2 show the expected differences between a legume and a grass for sugar and protein content, and the expected trends in fiber and sugar content with increasing maturity (Van Soest, 1994) . Brome 2 was anomalous in several respects, being unusually high in soluble sugars (Table 2 ), in gas yield per unit of (Table 4) , and in having unusual kinetic parameters (Table 6 ). The growth habit of brome makes it likely that both primary and secondary tillers with different chemical composition will be available simultaneously.
Forage Composition. The composition data in
Because the CP content of the soluble fraction was calculated as the difference between the CP in the unfractionated forage and that in the insoluble residue, some artifact is possible. For alfalfa, the sum of the sugars and the calculated CP values was close to the OM values. However, the OM content was overestimated in brome at all maturities.
Gas Production Curves. The gas production curves presented in Figure 1 are clearly different for the unfractionated and water-extracted forage. The difference curve in this figure is assigned as the contribution of the soluble fraction to the unfractionated curve. This assignment rests on two assumptions: 1 ) that water extraction does not cause significant structural changes in the insoluble residue, and 2 ) that the microbial population responsible for the degradation of the insoluble fraction is not significantly different from that responsible for fiber digestion in the unfractionated forage.
It seems reasonable to assume that water extraction at 39°for 16 h, with added t-butanol to inhibit microbial growth, would not cause major changes in structures as stable as cell wall components. The second assumption, that fiber digestion is not affected by the presence of soluble carbohydrates and their associated microbial population, is open to question. Because water-, not neutral detergent-, extraction was used, the partition of the forage into fiber and nonfiber fractions was not complete. Appreciable amounts of non-fiber carbohydrate were present in the insoluble fraction (Tables 1 and 2 ). Tables 3 and   4 are single timepoint measurements taken at the end of a fermentation (18 h for the soluble fraction and 48 h for the insoluble fraction and the unfractionated forage). The maturity-related trends are clear; for both alfalfa and brome, the less mature forages were more digestible and the trend for alfalfa was much more pronounced than that for brome. These trends presumably reflect the higher degree of lignification of alfalfa than of brome and the maturity-related changes in this factor. Table 3 . Gas production, neutral detergent fiber, or dry matter digestibility, and final pH from the fermentation of unfractionated alfalfa and its soluble and insoluble fractions a a Values within feed fractions within a column with different superscripts differ: d,e,f P < .05; w,x,y,z P < .01. b mL gas/100 mg DM for incubated unfractionated samples and mL gas/100 mg DM equivalent for soluble and insoluble samples.
Digestibility. The digestibility data in
c The pH was measured at the end of the fermentation at 48 h for the unfractionated forage and the insoluble fraction and at 18 h for the soluble fraction. Model for Kinetic Analysis. Before examining the kinetic parameters, we wish to clarify our choice of model for nonlinear curve fitting. A dual-pool logistic model with a single lag term gave an excellent fit to all our gas production curves (Schofield et al., 1994) and was used throughout to facilitate comparisons among different forage fractions.
Maturity-Related Kinetic Changes. Changes in ki-
netic parameters with increasing maturity (Tables 5  and 6 ) are somewhat confusing. The trends for the insoluble and soluble fractions of alfalfa and brome were similar. The unfractionated forage measurements for lag time (parameter c ) increased with maturity in brome as expected, but decreased with alfalfa. Although statistical analysis indicated that the lag times differed with maturity, the differences were small and their biological significance is questionable. A similar finding of decreasing lag time with increased maturity in the SA fraction suggests that immature alfalfa may contain a substance that inhibits carbohydrate digestion. Other changes with increasing maturity, such as increases in lag time (BU, AI, BI) and increases in the amount of the slower-digesting fraction (BU, AI, BI), are as expected.
Consistency of Two-Pool Model.
If, for simplicity, we consider the kinetic data in Tables 5 and 6 for only the least and most mature forage samples, then we may test the consistency of the dual-pool model as follows. The model divides the total gas produced from a given forage fraction into two pools distinguished by their rate of digestion (Fast and Slow) 4. Gas production, dry matter digestibility, and final pH from the fermentation of unfractionated brome and its soluble and insoluble fractions a a Values within feed fractions within a column with different superscripts differ: d,e,f P < .05; w,x,y,z P < .01. b mL gas/100 mg DM for incubated unfractionated samples and mL gas/100 mg DM equivalent for soluble and insoluble samples.
c The pH was measured at the end of the fermentation at 48 h for the unfractionated forage and the insoluble fraction and at 18 h for the soluble fraction. Maturity 5 These equalities hold well for the volumes of gas actually produced except for the case of the slowly digested pool of the immature brome. Because the three forage fractions were digested and analyzed independently, this agreement gives us confidence that the two-pool model is internally consistent and is a useful analytical tool. The preceding calculations on predicted gas volumes show the following trends: for alfalfa, as maturity increases there is a transfer of slowly digesting material (specific rate = .03 to .04 h −1 ) from the water-soluble to the water-insoluble fraction. The faster-digesting material shows much less change. For brome, the faster pool in the unfractionated forage shows a small decrease with increasing maturity. The insoluble and soluble pools contribute equally to this decrease. The slow unfractionated forage pool increases by 50%; the increase comes primarily from the insoluble fraction, with a concomitant decrease in the contribution of the soluble fraction.
Maximum Rates. The maximum observed digestion rates in this study were of interest because maximum rates, based on an exponential equation, as high as 1 to 3 h −1 have been assumed in one nutritional model (Sniffen et al., 1992) . These rates were derived from growth rates of Streptococcus bovis in pure culture using glucose as the carbon source (Russell and Robinson, 1984) .
The relationship between the rate constant of the exponential equation and the specific rate constant of the logistic equation is not simple (Schofield et al., 1994) . For a one-pool logistic model with no lag, if we take a fixed maximum gas volume ( V F = 10 mL, for example) and, for each of a series of hypothetical specific rates (.1, .12, .20, .25, .30, .35 , .40 h −1 ) , calculate the volume of gas produced over 48 h, we obtain a set of sigmoidal curves. If these curves are then fitted using the exponential equation, a corresponding series of rate constants will result. Over this range of data, the relationship between these two sets of rate constants, the exponential and the logistic, is approximately linear and can be expressed as Exponential rate ( h −1 ) = 2.84 × S − .13 (R 2 = .997, n = 10) Table 5 . Kinetic data for gas production from the fermentation of unfractionated alfalfa and its water-insoluble and water-soluble fractions a a Values within feed fractions within a column with different superscripts differ: c,d P < .05; w,x,y,z P < .01.
b Total gas = a/(1 + EXP(2 + 4 × b × (c − t ) ) ) + d/(1 + EXP(2 + 4 × e × (c − t ) ) ) . Parameters a and d are the maximum gas volumes (mL) for the faster-and slower-digesting fractions, b and e are the specific rate constants ( h −1 ) for these fractions, and c is the single lag time (h). Curve fit r 2 values ranged from .995 to .999. The soluble and insoluble fractions are adjusted to represent 100 mg of unfractionated forage. where S is the logistic specific rate. This linear relationship is valid only over narrow ranges of the specific rates and only if the lag term is zero. In this study, the soluble fractions of alfalfa and brome gave maximum logistic rates of .2 to .3 h −1 (Tables 5 and  6 ), corresponding to exponential rates of .43 to .71 h −1 . These values are lower than those assumed for modeling (Sniffen et al., 1992) . A similar finding of low maximum rates was made in studies of the NDS fraction in grasses and legumes (Schofield and Pell, 1995a) .
Stage of maturity
Volatile Fatty Acid Patterns. The VFA produced during fermentation were analyzed for two reasons. Gas production is closely linked to VFA production (Beuvink and Spoelstra, 1992) . Gas is generated both directly from microbial metabolism of carbohydrate as an oxidized (CO 2 ) or reduced (CH 4 ) end product and also by reaction of VFA with the bicarbonate buffer. Propionate and acetate are produced by alternative metabolic pathways (Van Soest, 1994 Propionate production thus involves no "direct" gas and, to compare gas data across different forage maturities, we must examine the contribution of A:P changes. The data in Tables 7 and 8 show that small but significant differences were seen in A:P as a function of maturity for both alfalfa and brome. The biological meaning of these differences is unclear, and we have not attempted to correct gas output values for them. Another factor influencing propionate levels is the composition of the bacterial community engaged in substrate digestion. Propionate is produced from carbohydrate by a limited number of ruminal bacteria ( Prevotella ruminicola, Selenomonas ruminantium, Megasphaera elsdenii, Anaerovibrio lipolytica, Veillonella alcalescens, and Succinimonas amylolytica (small amounts)) (Russell and Hespell, 1981) or from succinate, whereas almost all ruminal bacteria produce acetate. Thus, changes in the A:P may also reflect changes in the relative population levels of individual bacterial species. The results in Tables 7  and 8 suggest that shifts in metabolic pathways and(or) species populations do not play a major role in determining the maturity-related changes in digestion kinetics for either alfalfa or brome.
It seems likely that the consistently greater propionate levels from alfalfa (lower A:P), compared with brome, do reflect changes in the composition of the bacterial population in response to the differences in Table 6 . Kinetic data for gas production from the fermentation of unfractionated brome and its water-insoluble and water-soluble fractions a a Values within feed fractions within a column with different superscripts differ. c,d,e P < .05; w,x,y,z P < .01.
b Total gas = a/(1 + EXP(2 + 4 × b × (c − t ) ) ) + d/(1 + EXP(2 + 4 × e × (c − t ) ) ) . Parameters a and d are the maximum gas volumes (mL) for the faster-and slower-digesting fractions, b and e are the specific rate constants ( h −1 ) for these fractions, and c is the single lag time (h). Curve fit r 2 values ranged from .992 to .999. The soluble and insoluble fractions are adjusted to represent 100 mg of unfractionated forage. the soluble fraction reported in Table 1 . The greater A: P in brome results from decreased propionate production, whereas acetate production remains almost unchanged.
Curve Reconstruction. The curve reconstruction analyses reported in Figure 3 provide a way to investigate quantitatively the interaction between the insoluble and soluble fractions. We have defined D, the difference between the expected and observed gas production, by the equation
where Unfract g is the gas from the corresponding amount of unfractionated forage and (Sol + Insol) g is the total gas from separately digested soluble and insoluble fractions. Figure 3 shows that, for most of the time and for most maturity stages, D is 0 to 10% positive, and (Sol + Insol) g > Unfract g . This discrepancy may be due to the effects of readily fermented carbohydrates on fiber digestion, although most pertinent studies have focused on the effects of starch, not on soluble sugars and organic acids from forage on this process. When Hiltner and Dehority (1983) investigated the effects of glucose and cellobiose on cellulose digestion by pure cultures of Fibrobacter succinogenes, Ruminococcus albus, and Ruminococcus flavefaciens, the lag phase of growth was shortened and the only inhibitory effect of soluble carbohydrates was attributed to decreases in pH below the optimum for these acid-sensitive bacteria. Digestion of soluble and insoluble carbohydrate occurred simultaneously in these experiments. However, in other studies with added sugars, an inhibitory "carbohydrate effect," independent of the effects mediated by pH, has been observed (Piwonka and Firkins, 1993) . Glucose addition had a greater effect on the digestion of hemicellulose and crystalline cellulose than on digestion of amorphous cellulose.
Implications
The study of aqueous extracts, and of the residual fraction, of forages by in vitro fermentation may provide useful insights into the digestive behavior of feedstuffs. Gas production, measured by computerlinked pressure sensors, gives a common basis to such measurements. The unfractionated forage, waterinsoluble, and water-soluble fractions of five growth stages of alfalfa and brome were studied. Among the trends found with increasing forage maturity, the more notable were an increase in lag time for brome compared with a decrease for alfalfa, and a decrease in the pool size of the faster-digesting fraction for both forages. The maximum digestion rates for both alfalfa and brome were less than those assumed in certain nutritional models. The acetate:propionate ratio changed little with increasing maturity but there did appear to be differences in the acetate:propionate ratio due to forage. Interactions between the insoluble and soluble fractions were studied by comparing the unfractionated forage digestion curve with that produced by summing the separately measured insoluble and soluble curves. For most growth stages of both forages, the gas volume from the unfractionated forage was slightly less than the composite volume from the individual fractions. This discrepancy was more pronounced during the later part of the fermentation after much of the soluble fraction had been digested. Curve subtraction as a means to evaluate both the size and digestion rate of the soluble fractions of forages is an attractive analytical tool, but more work is needed to explain discrepancies between gas production from an intact forage and from the summed gas derived from isolated fractions of that forage.
